In this work, bismerthiazol was firstly assayed by a fast and portable method employing protein-capping gold nanoculsters as probes. The luminescent intensity of the nanoclusters showed a correlative response towards bismerthiazol from 5 to 4000 μg/mL with a linear relation in the range of 5 -100 μg/mL. As little as 5 μg/mL of bismerthiazol could be quantified. The high affinity of bismerthiazol to interact with the soybean protein-capped gold nanoclusters contributed to the excellent selectivity of this method over other common pesticides. The recoveries in several cabbage samples were 101 -135%, indicating good performance in practical applications. By comparison to previous reported approaches, this method bears advantages including simple operation, fast response, visual readout and good selectivity. 
Introduction
Bismerthiazol is short for N,N′-methylene-bis(2-amino-5-mercapto-1,3,4-thiadiazole), and the structure of which is shown in Fig. 1 . It has been a widely-used bactericide since the 1970s due to its high efficiency for controlling plant bacterial diseases such as citrus canker, rice leaf blight and erwinia carotovora. 1 Bismerthiazol has an LD50 value of 4.640 mg/kg when given orally to rats, and is used as a low toxic pesticide as well as an excellent alternative to traditional copper-based bactericides, with a specific curative activity and less adverse environmental effects. 1 According to the literature, bismerthiazol is thought to protect plants against bacterial diseases by activating systemic acquired resistance (SAR), which one of two commonly known systemic resistance mechanisms related to the plant's natural defense behavior. Such resistance takes the form of bacterial defense-related gene expression, enhancement of H2O2 production, or a hypersensitive response-like cell death. 2, 3 The maximum residue limits (MRL) of bismerthiazol has not been established by relevant Chinese authorities, 4 and only a recommended dose of 300 -450 g a.i./hm 2 by a manufacturer can be searched in cabbage. 5 Studies on its subchronic and chronic oral toxicity have been conducted and clearly revealed its thyroid toxicity and potential teratogenicity. [6] [7] [8] [9] Nowadays, the most common methods for bismerthiazol detection are high performance liquid chromatography and high performance liquid chromatography-mass spectrometry. 4 These methods are relatively complicated and time-consuming. Thus, there is strong interest in the development of a fast, simple, cheap, and portable sensor for this bactericide.
From graphene to molecular machines, the explosive development of nanomaterials has taken analytical chemistry to a new dimension. 10, 11 Gold nanoparticles, quantum dots, carbon nanomaterials and nanoclusters etc. have attracted enormous interest from analysts. 12, 13 Recently, the emerging development and innovation of luminescent noble-metal nanoclusters with unique optical properties are at the leading edge of the rapidly developing field of nanotechnology, and have been increasingly employed for analytical applications. 14, 15 The ligands reported for synthesizing nanoclusters include mercapto molecules, 16 polymers, [17] [18] [19] and dendrimers, 20 etc. In view of the toxicity towards humans and the environment, for instance the findings that excessive exposure to nanomaterials may be correlative with cardiovascular dysfunction, 21 it is of great significance to develop nanomaterials in an environment-friendly and biocompatible way.
Plant-derived protein is a kind of biocompatible protein with many active groups (-NH2, -COOH, -SH etc.), which can be an ideal capping ligand for synthesis of green nanomaterials. Chen gold nanoclusters by employing papain as a stabilizing reagent, and developed a label-free probe for sensitive detection of Cu 2+ . 22 Ling and co-workers reported a series of methods to synthesize nanosheets, nanoclusters and nanoparticles using soybean protein as the reducing ligand. 23 Herein, bismerthiazol was firstly assayed by a fast, portable and visual method of employing protein-capping luminescent gold nanoclusters as probes. In this work, a typical environmentfriendly protein, soybean protein (SP), was used as protecting ligand to synthesize luminescent gold nanoclusters (SP-AuNCs) for visual and facile detection of bismerthiazol in cabbage. The luminescent intensity of SP-AuNCs was found to be distinctly quenched by bismerthiazol, and there was a linear relation in the range from 5 to 100 μg/mL. As little as 5 μg/mL bismerthiazol can be quantified. In addition, the sensor using SP-AuNCs showed a high selectivity towards bismerthiazol. We further detected the bismerthiazol in cabbage samples and obtained satisfying recoveries. Our proposed sensor detection offers the advantages of simple operation, fast response, visual readout and good selectivity.
Experimental

Reagents and chemicals
Sodium hydroxide, dimethyl sulfoxide, disodium hydrogen phosphate dodecahydrate and sodium phosphate dibasic dehydrate were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Chloroauric Acid (HAuCl4) was purchased from Shaen Chem. Tech. Co., Ltd. (Shanghai, China). The above reagents were of analytical grade. Bismerthiazol was purchased from Hengrong Commerce Co., Ltd. (Changshu, Jiangsu, China). The ultrapure water used throughout the experiment was purified with a Milli-Q A10 filtration system (Millipore, Billerica, MA, USA). We separated the soybean protein from soybean meal by alkali extraction and acid precipitation, and used the freeze-drying method to obtain its powder according to a previous reported work. 24, 25 
Synthesis procedure
In a typical experiment, the soybean protein powder was dissolved in ultrapure water to obtain a final protein concentration of 70 mg/mL. Then, 5.0 mL HAuCl4 aqueous solution (10 mM) was added to 5.0 mL soybean protein aqueous solution under vigorous stirring for 2 min. Next, 1.0 mL sodium hydroxide (1.0 M) was introduced to adjust the pH to 12, followed by 6 h incubation in an oscillating water bath (200 rpm) at 60 C. The color of the mixture finally changed from light yellow to pale brown, indicating the formation of SP-AuNCs. The as-prepared SP-AuNCs were purified using a dialysis bag with a molecular weight cut-off of 3.5 kDa. The purified AuNCs were then freeze dried and stored at 4 C for later use.
Detection of bismerthiazol
First, 100 μL SP-AuNCs aqueous solution (20 mg/mL) was added into 100 μL phosphate buffer (15 mM, pH 7.0), followed by the addition of 100 μL bismerthiazol (dissolved by DMSO) of different concentrations. After reacting for 10 min at room temperature, the mixture was transferred into a quartz cuvette and the fluorescence spectra were recorded on an F-7000 fluorescence spectrophotometer (Hitachi, Japan) at an excitation wavelength of 400 nm.
Results and Discussion
The SP-AuNCs were synthesized by following the detailed procedures as depicted in Fig. 2(a) . Soybean protein was extracted from soybean seeds, then purified and freeze-dried. The SP-AuNCs were synthesized by using soybean protein as a ligand at pH 12, and the luminescent SP-AuNCs would form after incubating under 60 C for 6 h. During the synthesis process of SP-AuNCs, soybean protein was firstly mixed with HAuCl4, then Au [3+] was entrapped in soybean protein molecule and uniform mixture was formed in the alkaline environment. Soybean protein acted as a reducing and protective reagent to reduce the Au [3+] to Au [0] in situ, forming the SP-capped AuNCs. 26 As shown in Fig. 2(b) (item 2) , the as-prepared SP-AuNCs were pale brown under white light and emitted a strong pink fluorescence (~600 nm, red dot) under UV-light. In contrast, the HAuCl4 solution (item 1) and soybean protein solution (item 3) emitted no fluorescence. The absorption spectrum of SP-AuNCs showed a broad band from 300 to 500 nm and no strong absorbance peak at ~500 nm of large nanoparticles.
A morphology image of the SP-AuNCs was collected by transmission electron microscopy (TEM, JEM-2100, Electronics Co., Ltd., Japan). As shown in Fig. 3 , the as-prepared SPAuNCs were spherical in shape. The TEM image did not show any nanoparticle with size larger than 30 -50 nm, which was consistent with the result of UV-vis absorption spectra. The diameters of the SP-AuNCs ranged from 2.5 to 5.0 nm with an average of 3.0 nm.
Soybean protein acted as both the reducing and capping agent during the synthesis of SP-AuNCs. 23 Thiol groups contained in cysteine residues in protein were suggested to form staple surface motifs outside the metal core, providing the latter with ultrastability. 27 According to previous reports, mercapto groups could etch noble-metal nanoclusters by core-etching and induce the decomposition of NCs core via the formation of thiolatemetal complexes, resulting in quenching of the luminescence. 28, 29 Since bismerthiazol contains two mercapto moieties, we initially hypothesized the SP-AuNCs could be quenched by bismerthiazol. In aqueous solution, the large-size capping protein fully hydrated and acted as a protecting layer on the NCs surface, 26 preventing other chemicals from approaching the core simply by their size. Since the organic layer was not absolutely solid, having many tiny gaps, we believed that bismerthiazol, with a small molecular weight (MW) of 278.34 and uncharged, probably could easily pass through the protein shell, react with the metal core and induce the fluorescence quenching phenomenon. It was quite consistent with the decomposition-induced quenching hypothesis proposed for sensing Cys using GSH-AgNCs. 29 However, further studies on whether the ligand protein is involved in the reaction as well as the exact etchant concentration-dependent size or shape changes of NCs during the etching process will be reported in our next work.
As shown in the digital photograph in Fig. 4 , after adding different concentrations of bismerthiazol, obvious quenching of the luminescence of the SP-AuNCs was observed under UV light. The fluorescence spectra of the SP-AuNCs were also recorded on a fluorescence spectrophotometer when three different concentrations (0, 100, and 1000 μg/mL) of bismerthiazols were added in the SP-AuNCs solutions. As shown in Fig. 4 , with the increase of concentration, there was a corresponding decrease in the fluorescence intensity of the SPAuNCs.
For detecting bismerthiazol, 100 μL SP-AuNCs aqueous solution (20 mg/mL) was added into 100 μL phosphate buffer (15 mM, pH 7.0).
After mixing, 100 μL of different concentrations of bismerthiazols dissolved in DMSO was added into the former mixture. After 10 min incubation at room temperature, the mixture was transferred into a quartz cuvette and fluorescence spectra were recorded on the fluorescence spectrophotometer under the excitation wavelength of 400 nm. In our experiments, 15 bismerthiazol concentrations (0, 5, 10, 20, 40, 60, 80, 100, 200, 400, 600, 800, 1000, 2000, 4000 μg/mL) were selected to investigate the corresponding relation. As shown in Fig. 5(a) , the fluorescence intensity decreased gradually with the increase in the concentration of bismerthiazol. A concentration low as 5 μg/mL of bismerthiazol could lead to an obvious decrease in the emission intensity of the SP-AuNCs. The peak-emission wavelength appeared at about 604 nm, so we chose the intensity at 604 nm to study the correlation to the concentration of bismerthiazol and investigate the sensitivity of the proposed sensing method. As shown in Fig. 5(b) , it could be found that the linear relationship between the fluorescence We also compared two other reported methods for bismerthiazol detection with our fluorescent determination using SP-AuNCs, and listed them together in Table 1 . It is worth noting that the linear range and limit of detection (LOD) would change along with the concentration of SP-AuNCs. Lower concentrations in range and relatively lower LOD could be achieved by employing low concentrations of SP-AuNCs in the assay.
The high specificity of biothiol-Au interaction would definitely provide good selectivity of this method. In our study, we employed five other pesticides that were commonly used in agricultural production to confirm the selectivity of the proposed method. As shown in Fig. 6(a) , the fluorescence of SP-AuNCs was not distinctly quenched in the presence of 100 μg/mL of dimethoate, acetamiprid, pyrethrin, glyphosate and imidacloprid in the same condition. Only the addition of bismerthiazol caused obvious quenching in the luminescence. Meanwhile, we could observe this phenomenon directly by the naked eye. As shown in Fig. 6(b) , it could be directly and clearly observed that the emission brightness of bismerthiazol was much weaker than with the other five pesticides, indicating that the visual detection of bismerthiazol could be implemented for facile and fast detection.
In order to explore the application potential of this method in practical detection, we used cabbage, a vegetable that is frequently treated by bismerthiazol, as the real food sample. In a typical assay procedure, 1 g of cabbage was spiked with different concentrations of bismerthiazol. Then the cabbage was cut into pieces and 10 mL DMSO was added into the sample for extraction. After 10 min, 100 μL supernatant solution of the sample was added into 100 μL phosphate buffer with 100 μL SP-AuNCs (20 mg/mL) for detection. The recovery percentages calculated are summarized in Table 2 . We achieved recoveries from 101 to 135%, indicating good practical performance. This result led to the possibility of practical use of this visual method for bismerthiazol detection in vegetables and fruits.
Conclusions
Bismerthiazol is a widely used bactericide (over 2 million kg per year) in China, but its analytical methods have been limited to conventional time-consuming and tedious methods, for example HPLC-MS. Herein, a facile method was firstly developed for fast detection of bismerthiazol, and the results can be easily confirmed by visual readout. The proposed method utilized luminescent AuNCs capped with soybean protein as probes and demonstrated satisfying performance. The assay was of high selectivity and sensitivity with a linear range from 5 to 100 μg/mL, and a bismerthiazol concentration as low as 5 μg/mL could be quantified. Three independent measurements were conducted for each concentration.
